the conventional instantaneous rigid force model requires six experimental parameters called cutting coefficients for the cutting force prediction (Tlusty and MacNeil, 1975) . The cutting coefficients are needed for each tool and workpiece combination, and much time and effort are required to determine the cutting coefficients from the experimental cutting test in advance. Therefore, it is difficult to use the cutting force prediction technique in factories.
Reducing the number of cutting parameters facilitates their determination. With the helix angle of a square end mill regarded as the inclination angle in oblique cutting, the cutting force has been predicted using the oblique cutting model in some previous studies (Moufki et al., 2015; Lin et al., 2016) . Therefore, in our previous study, the instantaneous rigid force model was modified based on the oblique cutting model to allow the cutting force to be predicted more easily (Kaneko et al., 2017) . In the modified model, only the shear angle is required instead of the six cutting coefficients, and it can be determined from the tangential cutting force measured in only one preliminary experiment. However, one preliminary experiment is still required for parameter identification. In addition, there is also a critical problem of the rotational radius deviation caused by tool runout not being considered. Thus, the cutting force cannot be precisely predicted under conditions with tool runout.
Therefore, in this study, the cutting force prediction model was modified to eliminate the need for preliminary experiments and include the consideration of tool runout toward the achievement of a virtual monitoring method that can enable the use of predicted cutting forces instead of measured one. The required parameters are determined from the spindle motor torque immediately at the start of a milling operation. Additionally, the runout can be used to precisely predict the cutting force for each cutting edge by detecting the difference between the uncut chip thicknesses of the cutting edges. With the proposed prediction model, it is possible to detect chipping from the similarity between the monitored spindle motor torque and the predicted cutting torque. Thus, a tool chipping detection method based on the cutting force prediction model is also proposed. This method is much more practical because no additional sensor is required for a tool chipping detection.
Proposed cutting force prediction model and chipping detection method 2.1 Cutting force calculation based on the oblique cutting model
Following the conventional instantaneous rigid force model, the tool in the proposed model is represented as a stack of minute disk elements, as shown in Fig. 1 . In the conventional instantaneous rigid force model, the minute cutting force acting on each disk element is calculated using six cutting coefficients determined from preliminary experiments. In contrast, the proposed model adopts an oblique cutting model for the calculation of the minute cutting forces. The helix angle of a square end mill is represented by an angle of inclination in the oblique cutting model. The parameters required for cutting force calculation are schematically defined in Fig. 2 and summarized in Table 1 .
In order to reduce required parameters in the proposed model, three assumptions are applied. ・The maximum shear stress theory is applied to estimate the shear direction. The direction which the shear stress becomes maximum is the shear direction in this theory. ・The literature shear yield stress value of the workpiece is used as the shear stress to eliminate the need for the experimental determination of the shear stress. ・Equation (1) which is lead based on some assumptions in previous study is used for calculation of the chip flow angle (Usui and Hirota, 1974 ).
In addition, with the exception of the shear angle and the chip flow angle , the parameters given in Table 1 can be calculated using geometrical relationships. Thus, the shear angle is the only required parameter in the proposed model, representing a marked reduction in the number of required parameters in comparison with the six cutting coefficients required in the conventional instantaneous rigid force model. This model was proposed in our previous study (Kaneko et al., 2017) . Kaneko, Nishida, Sato and Shirase, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.3 (2019) 
Tool runout consideration
In our previous model, the cutting edge trajectory is approximated as a circular arc because the feed per tooth is much smaller than the tool radius, although the exact cutting edge locus is a trochoid. Therefore, the uncut chip thickness is geometrically calculated from the feed per tooth and the tool rotation angle as
However, tool runout causes the cutting edges to have different uncut chip thicknesses. In our previous model, deviation in the rotational radius caused by tool runout was not considered. Thus, deviation in the cutting force could not be expressed in our previous model. In the present study, the effect of tool runout is modeled using the change in the rotational radius, as shown in Fig.  3 . In Fig. 3 , is the nominal rotational radius and ∆ is the deviation caused by tool runout. With a rotational radius deviation of ∆ , the change in the feed per tooth is ±2∆ at each cutting edge. Therefore, the uncut chip thickness considering tool runout can be calculated with reference to Eq. (2) 
Determination of the shear angle and the rotational radius deviation
The only parameters required in the proposed model are the shear angle and the rotational radius deviation Δ , as described above. In this study, the shear angle is identified from the spindle motor torque based on the law of conservation of energy. The parameters for the shear angle identification are summarized in Table 2 . The average torques and angular velocities given in Table 2 are average values per rotation. 
Therefore the shear angle can be determined from the average cutting torque ̅ which is estimated from the spindle motor work. The spindle motor work and the cutting energy E c used in the cutting process can be calculated as
The friction work is equal to the cutting energy during idling and thus can be calculated from the average motor torque ̅ and the average angular velocity ̅ during idling as
The kinematic energy of the spindle hardly fluctuates because the spindle rotation speed is almost constant as long as there is no change in the spindle rotation speed command. Thus, the cutting energy is equal to the difference between the motor work and the friction work , as
The average spindle angular velocity ̅ during cutting is almost equal to the average spindle angular velocity ̅ during idling. Thus, solving Eqs.(6)-(9) for the average cutting torque ̅ and assuming that ̅ = ̅ gives
The shear angle is determined such that it yields the average cutting torque given in Eq.(10) by performing an iterative calculation with a step size of 0.1°. Therefore, the shear angle can be identified from the spindle motor torque without the need for an experimental cutting test, but the determined shear angle is not always equal to the true value because several assumptions are used. Therefore, the shear angle is treated as an expediential parameter in the proposed model. Finally, the rotational radius deviation Δ is determined as the value that minimizes the sum of the squared differences between the monitored and the predicted torques.
Tool chipping detection method based on cutting simulation
The spindle motor torque is a practical monitoring target because it can be monitored without additional sensors. However, it is difficult to judge the tool condition from only the spindle motor torque because the spindle motor torque waveform can be changed not only by problems in the cutting process but also by the changes in the cutting conditions. Thus, a new tool chipping detection method based on a comparison of the monitored spindle motor torque and the torque determined by our prediction model is proposed. The proposed model considers the influence of the change in the cutting conditions. Therefore, by comparing the measured torque with the simulation result, tool chipping can be distinguished from the influence of changes in the cutting conditions.
Chipping is detected based on the similarity between the measured spindle motor torque and the predicted cutting
Cutting experiment for validation 3.1 Parameter identification
To verify our model, cutting experiments were conducted under the four sets of conditions listed in Table 3 . For the prediction of the cutting force, the rake angle , the angle of inclination or helix angle , the shear stress , the minute disk thickness d , the shear angle , and the rotational radius deviation Δ are required. The rake angle and helix angle were determined from the tool geometry. The shear stress was determined from the shear yield stress of the workpiece material (A5052 aluminum alloy). The values of these parameters are given in Table 4 . The shear angle and the rotational radius deviation Δ were determined under the conditions in case A. Figure 4 shows the spindle motor torques in case A. According to Fig. 4 , the average motor torques during idling and cutting were ̅ = 0.0226 Nm and ̅ = 0.457 Nm, respectively. Therefore the average cutting torque was ̅ = 0.436 Nm, and the shear angle was determined to be = 7.3° from the relationship between the theoretical average cutting torque ̅ and the shear angle shown in Fig. 5 . This relationship was determined by iterative calculation. The rotational radius deviation Δ was determined to be Δ = 10.1 μm using iterative calculation; this value minimizes the sum of the squared differences between the monitored spindle motor torque and the predicted cutting torque. The rotational radius deviation measured by the electric micrometer was 11.8 μm. This demonstrates that the parameters required for cutting force prediction can be determined without any measurement of the cutting force. 
Cutting force prediction
To confirm the effectiveness of the proposed model, the measured and predicted cutting torques and forces were compared under the four sets of cutting conditions listed in Table 4 . In cases B, C, and D, the feed speed was decreased from 100 to 75 mm/min, the radial depth of the cut was decreased from 6.0 to 3.0 mm, and the axial depth of the cut was decreased from 2.0 to 1.0 mm, respectively, with all other parameters kept the same as those for case A. Figure 6 shows the measured and predicted cutting forces in each case. As shown in Fig. 6 , the predicted ycomponent of the cutting force showed good agreement with the measured values but the predicted x-component was larger than the measured values because of a discrepancy in the friction angle. The value of the friction angle depends on the accuracy of the maximum shear stress theory. Nevertheless, the results demonstrate that the cutting force can be predicted with fair accuracy using the proposed model without any preliminary experiments and any additional sensors.
Tool chipping detection
In this study, the chip width was defined as shown in Fig. 7 . Chipped edges were made by electric discharge machining. The chip widths considered in the present validation were 0.3 mm and 1.0 mm. Cutting tests were conducted in both the normal and chipped state under the four sets of conditions listed in Table 3 , and the monitored torques were compared with the predicted torques. The parameters for torque prediction are given in Table 5 . These parameters were identified in case A in the same manner as described above. Figures 8 and 9 show the results with chip widths of 0.3 and 1.0 mm, respectively. As shown in Figs. 8 and 9, the predicted torque was markedly different from the measured torque in the chipped state in all cases. The similarity between the predicted and measured torques per rotation was then evaluated using the NCC. Fig. 10 shows the NCC, which was calculated 10 times for each case. The average NCC µ and the confidence interval (μ ± 2σ) in the normal state are also plotted in Fig. 10 . All NCCs in the chipped state were outside of the confidence interval. Therefore, the change in the NCC caused by chipping is larger than the variation in the NCC due to the prediction accuracy. As the result, if the threshold is set based on the confidence interval, chipping of 0.3 mm in width or more can be detected, even in cases where the cutting conditions are changed.
Conclusion
In this study, a new cutting force prediction model based on oblique and orthogonal cutting theories was proposed. The feasibility of the proposed model, which does not require any cutting force measurements or additional force sensors, was verified.
1. Only the shear angle and the rotational radius deviation caused by tool runout are required for cutting force prediction in the proposed prediction model.
2. The required parameters can be determined from the spindle motor torque, which can be monitored without additional sensors. The determined rotational radius deviation was almost equal to the measured value.
3. Even when the cutting condition was changed, the predicted cutting forces were in relatively good agreement 
